Oligopeptidase B (OpdB) is a serine peptidase broadly distributed among unicellular eukaryotes, gramnegative bacteria, and spirochetes which has emerged as an important virulence factor and potential therapeutic target in infectious diseases. We report here the cloning and expression of the opdB homologue from Salmonella enterica serovar Typhimurium and demonstrate that it exhibits amidolytic activity exclusively against substrates with basic residues in P 1 . While similar to its eukaryotic homologues in terms of substrate specificity, Salmonella OpdB differs significantly in catalytic power and inhibition and activation properties. In addition to oligopeptide substrates, restricted proteolysis of histone proteins was observed, although no cleavage was seen at or near residues that had been posttranslationally modified or at defined secondary structures. This supports the idea that the catalytic site of OpdB may be accessible only to unstructured oligopeptides, similar to the closely related prolyl oligopeptidase (POP). Salmonella OpdB was employed as a model enzyme to define determinants of substrate specificity that distinguish OpdB from POP, which hydrolyzes substrates exclusively at proline residues. Using site-directed mutagenesis, nine acidic residues that are conserved in OpdBs but absent from POPs were converted to their corresponding residues in POP. In this manner, we identified a pair of glutamic acid residues, Glu 576 and Glu 578 , that define P 1 specificity and direct OpdB cleavage C terminal to basic residues. We have also identified a second pair of residues, Asp 460 and Asp 462 , that may be involved in defining P 2 specificity and thus direct preferential cleavage by OpdB after pairs of basic residues.
The oligopeptidase B (OpdB; EC 3.4.21.83) subfamily of serine peptidases represents one of two branches of the prolyl oligopeptidase family of serine peptidases (the S9 family, in the nomenclature of Barrett and Rawlings [2] ). The archetypical member of this family, prolyl oligopeptidase (POP; EC 3.4.21.26), exclusively hydrolyzes peptide bonds C terminal to proline residues in peptides (31) . It has been implicated in the pathophysiology of depression (20) and has attracted pharmaceutical attention, since POP inhibitors have shown potential in the treatment of amnesia (39) and Alzheimer's disease (36) . Prolyl oligopeptidase has also served as a model for structural studies of serine oligopeptidases. A 1.4-Å crystal structure analysis of POP recently revealed that an N-terminal regulatory domain, consisting of a seven-bladed ␤-propeller, regulates substrate access to the C-terminal catalytic domain (7) by a gating filter mechanism (8) .
In contrast to the POPs, the OpdB branch of the POP family has received much less attention. These enzymes demonstrate a trypsin-like substrate specificity, hydrolyzing peptide bonds on the C-terminal side of basic amino acid residues of lowmolecular-mass (Ͻ3 kDa) peptides (17, 30, 37, 41) . Of great importance for potential therapeutic applications, OpdB is only found in ancient eukaryotic unicellular organisms, in gram-negative bacteria, and in spirochetes.
Both POP (11) and OpdB (4) have been isolated from the stercorarian trypanosome Trypanosoma cruzi, the etiological agent of Chagas' disease, and both oligopeptidases have been implicated in the pathogenesis of this disease. In infective forms of T. cruzi, OpdB generates a calcium signaling factor which, via an interaction with a receptor at the mammalian cell surface (18) , is responsible for the mobilization of Ca 2ϩ from intracellular calcium pools (4) . This Ca 2ϩ signaling is a prerequisite for trypanosome invasion. Targeted deletion of the opdB gene in T. cruzi resulted in trypanosomes that were severely impaired with respect to mammalian cell Ca 2ϩ signaling and invasion and were thus attenuated for virulence in a mouse model of infection (5) . OpdB has also been isolated from the salivarian trypanosomes Trypanosoma brucei (37) and Trypanosoma congolense (23) , and homologues have been cloned from both T. brucei and Leishmania major (25) . In the case of T. brucei infections in mice, OpdB is released by dying parasites into the host bloodstream, where it remains stable and catalytically active. OpdB may thus contribute to the pathogenesis of African sleeping sickness through the anomalous degradation of biologically active peptides in the bloodstream of infected hosts (24) . Consistent with this view, administration of irreversible OpdB inhibitors to trypanosome-infected mice significantly impaired disease progression (26, 27) . Together, these reports point to important roles for this group of enzymes in microbial virulence.
The role of OpdB in the pathogenesis of several parasitic diseases and the possibility that OpdB represents a novel target for antimicrobial chemotherapy prompted an analysis of OpdB homologues from bacterial pathogens. Genes encoding OpdB have been isolated from the gram-negative bacterial pathogens Escherichia coli (17, 32) and Moraxella lacunata (41) and the spirochete Treponema denticola (6) . A preliminary analysis of OpdB function in the context of bacterial growth and protein turnover has been undertaken with Salmonella (13) . A preliminary kinetic characterization of the E. coli enzyme illustrated that it cleaved substrates at the C terminus of basic residues, exhibited pronounced substrate inhibition and that the enzyme-substrate interaction was disrupted by high ionic strength, implicating ionic interactions in substrate binding (16, 29, 32) . However, OpdB homologues from prokaryotes have not been extensively characterized, particularly with respect to substrate recognition properties and roles in bacterial virulence. In this report, we have addressed the former issue, showing that while catalytically similar to its eukaryotic homologues in terms of substrate affinity, OpdB from Salmonella exhibits a diminished catalytic capacity and differs in inhibition and activation properties. We go on to demonstrate that OpdB, in addition to low-molecular-mass peptides, can cleave in a restricted fashion several basic proteins, including human histones H1, H2A, H3, and H4. We have also used Salmonella OpdB as a model enzyme to define structural elements that are responsible for differences in the substrate recognition properties of OpdB and the closely related POP. These elements include two pairs of conserved acidic residues that are likely to direct P 1 and P 2 substrate specificity (using the nomenclature of Schechter and Berger [35] ) for this subfamily of enzymes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Salmonella enterica serovar Typhimurium virulent, wild-type strain SL1344 (14) ). E. coli cloning (DH5␣, Gibco; TOP10FЈ, Invitrogen) and expression [BL21(DE3); Novagen] strains were cultured in LB media containing ampicillin (100 g · ml Ϫ1 ) or kanamycin (30 g ⅐ ml Ϫ1 ) as appropriate. Isolation of the Salmonella opdB gene. Using the E. coli opdB sequence (17) , forward (5Ј-CCA GAA AGA ACA ATA ACA TGC TAC CAA AAG CC-3Ј) and reverse (5Ј-GTA GAT CAG TTT ATC TTG CGA TG-3Ј) primers were synthesized complementary to the E. coli sequence and used to generate a 668-bp probe using Salmonella genomic DNA, isolated as described in reference 38, as a template. The PCR product was cloned into pCR2.1 (Invitrogen) to create pNA102, from which the opdB fragment could be excised using the flanking EcoRI sites. Radiolabeled DNA probes were prepared using the purified DNA fragment (25 ng) as a template for random prime labeling (Rediprime; Amersham) with 50 Ci of [␣-32 P]dCTP. Salmonella genomic DNA was subjected to single and double digests with various restriction endonucleases. Digested DNA was resolved on a 0.7% (mass/vol) agarose gel, transferred to a Hybond Nϩ nylon membrane, and probed with the [␣-
32 P]dCTP-labeled probes as described previously (4) . Probes were hybridized with a Ϯ3.5-kb fragment from a SalI/ HindIII double digest of Salmonella DNA (not shown). Genomic DNA was double digested with SalI and HindIII and resolved on a 0.7% (mass/vol) lowmelting-point agarose gel, and DNA was extracted from a gel slice containing fragments in the 3-to 4-kb size range. Fragments were cloned into the SalI and HindIII sites of pBlueScript II KS(ϩ) (Stratagene) and transformed into E. coli TOP10FЈ. Colonies could not be screened by hybridization due to annealing of the probe with the genomic DNA-encoded E. coli opdB gene. Colonies were pooled into batches of 50, from which plasmid DNA was screened by PCR. Colonies from PCR-positive batches were screened individually, and a single PCR-positive clone containing a Ϯ3.5-kb fragment (pNA104) was sequenced in both directions from the T3 and T7 pBlueScript II K(ϩ) promoters using T3 (5Ј-AAT TAA CCC TCA CTA AAG GG-3Ј) and T7 (5Ј-GTA ATA CGA CTC ACT ATA GGG C-3Ј) sequencing primers. This construct contained the fulllength Salmonella opdB gene. Nucleotide sequencing was undertaken by the W. M. Keck Foundation Biotechnology Resource Laboratory at Yale University.
Expression of recombinant OpdB. The Salmonella opdB gene was amplified by PCR from pNA104 with PfuTurbo polymerase (Stratagene) using forward (5Ј-GA AAA CTC GAG ATGTTG CCA AAA GCC AAT CGA ATT CCC-3Ј) and reverse (5Ј-TAC GCT CTC GAG CTA TGC GCT ATG TAA GGT TCC CTG CGC-3Ј) primers (with internal XhoI sites in boldface type; the initiation codon of the forward primer is underlined). The PCR product was cloned into the SmaI site of pBlueScript II KS(ϩ) to create pNA110, and the 2.1-kb XhoIXhoI fragment was excised from pNA110 and subcloned into the pET19b expression vector (Novagen) to create pNA111. Sequencing from the pET19b T7 promoter using the T7 forward sequencing primer (5Ј-TAA TAC GAC TCA CTA TAG G-3Ј) demonstrated that fragment was correctly orientated and the ATG start codon was in frame.
For expression, pNA111 was transformed into E. coli BL21(DE3). N-terminal polyhistidine-tagged fusion proteins were expressed by induction of a logphase culture (A 600 Ϸ 0.6) with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 16 h at 27°C with vigorous (270 rpm) shaking in the presence of ampicillin (100 g · ml Ϫ1 ). Bacteria from a 500-ml culture were harvested by centrifugation (7,000 ϫ g, 10 min, 4°C); resuspended in 20 mM Tris-HCl, 5 mM imidazole, and 500 mM NaCl (pH 7.9) (25 ml, 4°C); and sonicated on ice with a Branson 250 sonicator (duty cycle ϭ 80%, output control ϭ 8; four cycles were carried out for 2 min each time). Bacterial lysates were clarified by centrifugation (15,000 ϫ g, 15 min, 4°C) and passage through a 0.45-m syringe filter unit, prior to peptidase purification on Ni 2ϩ -agarose (Novagen) according to the manufacturer's specifications. In some instances, the polyhistidine tag was removed with an Enterokinase Cleavage Capture kit (Novagen).
Nucleotide and protein sequence alignments. An unrooted dendrogram was prepared, comparing full-length amino acid sequences of 18 members of the POP family with the CLUSTAL W software from the MEGALIGN program (DNASTAR, Madison, Wis.), with a PAM250 weight table set with the following parameters: ktuple ϭ 1, gap penalty ϭ 3, and gap window ϭ 5 (1).
Site-directed mutagenesis. The pNA111 expression construct was employed as a template for the generation of site-directed OpdB mutants. Site-directed mutagenesis was performed using the PCR-based Quickchange system (Stratagene). Mutagenic oligonucleotide primers were synthesized containing single-or multiple-base-pair changes with at least 15 bp of flanking sequence on either side of the base pair change. Base pair changes were confirmed by DNA sequencing from either the pET19b T7 terminator with a T7 terminator primer (5Ј-GCT AGT TAT TGC TCA GCG G-3Ј) or from a reverse primer complementary to bp 1648 to 1664 of the opdB gene (5Ј-CCA TAA CAC AAG CGA CGG-3Ј).
Kinetic analysis of recombinant OpdB. Substrate specificity of OpdB was determined using fluorogenic substrates, by preincubation of OpdB (20 to 60 fmol of active enzyme, 37°C, 5 min) in 50 mM Tris-HCl, pH 8, followed by addition of substrate. The initial steady-state velocity (v 0 ) was determined by continuous assay for a range of substrate concentrations (50 nM to 100 M). K m and V max values were determined by hyperbolic regression of the kinetic data using the software package Hyper 1.01 (obtained from J. S. Easterby, University of Liverpool, Liverpool, United Kingdom). The k cat was determined from the expression k cat ϭ V max /[E] 0 , where [E] 0 represents the active enzyme concentration, determined by active-site titration with 4-methylumbelliferyl-p-guanidinobenzoate as described previously (25) . Fluorogenic leaving groups were detected with a Hitachi F-2000 spectrofluorimeter at excitation and emission wavelengths of 370 and 460 nm, respectively, for 7-amino-4-methylcoumarin (AMC) (25) and 337 and 420 nm for ␤-naphthylamide (␤NA) (9) . Hydrolysis of para-nitroanilide (pNA) substrates was monitored spectrophotometrically at 405 nm with a Pharmacia Biotech Ultraspec 2000 spectrophotometer (29) .
The effect of reducing agents on OpdB activity was investigated by preincubating OpdB in assay buffer containing L-cysteine, ␤-mercaptoethanol, dithiothreitol, or reduced glutathione (1 to 25 mM, 37°C, 5 min) prior to the addition of Carbobenzyloxy (Cbz)-Arg-Arg-AMC (to 5 M).
For reversible competitive inhibitors, the K i value was determined as described in reference 33. The enzyme-catalyzed hydrolysis of Cbz-Arg-Arg-AMC was monitored continuously to establish an uninhibited rate of substrate hydrolysis (v 0 ), after which a 20-fold molar excess of inhibitor over enzyme was added (in less than 5% of the total assay volume), and the new steady-state velocity in the presence of the inhibitor (v i ) determined. The apparent inhibition constant in the presence of substrate [K i(app) ] was given by the expression
The true K i was calculated for competitive inhibitors (I), catering for the presence of substrate, from the relationship
The effects of irreversible peptidase inhibitors were investigated as described in reference 33 by adding an aliquot of inhibitor (10 l) to a buffered enzyme solution (140 l, containing 90 to 150 ng of OpdB in 50 mM Tris-HCl [pH 8.0], 37°C) to initiate the inactivation. Aliquots were removed at timed intervals and residual activity (v t ) was determined against Cbz-Arg-Arg-AMC as described above. Pseudo-first-order inhibition rate constants (k obs ) were obtained from plots of ln v t /v 0 versus time, where v 0 represents the activity prior to addition of inhibitor. Second-order inhibition rate constants (k ass ) were obtained from the expression k ass ϭ k obs /[I], where [I] represents inhibitor concentration.
Histone degradation by OpdB. Human histones H1, H2A, H3, and H4 (Roche Molecular Biochemicals) were prepared as aqueous 1-mg ⅐ ml Ϫ1 solutions. Reaction mixtures, composed of histone (10 g) and OpdB (0.1 to 10 g; giving enzyme/substrate ratios of 1:100, 1:10, and 1:1) in 50 mM Tris-HCl, pH 8, were incubated at 37°C. Samples, incubated for 20 min, 1 h, 4 h, and 12 h, were resolved by reducing Tris-Tricine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 16% polyacrylamide gels containing 6 M urea (34) , and protein was detected with Coomassie blue. For N-terminal analysis, proteins were electroblotted onto polyvinylene difluoride membranes as described in reference 21 and N-terminal analysis was undertaken by the W. M. Keck Foundation Biotechnology Resource Laboratory at Yale University.
Fluorescence measurements. Steady-state fluorescence intensities and emission spectra were recorded with a Hitachi F-2000 spectrofluorimeter with excitation and emission slit widths of 2 nm and an excitation wavelength of 278 nm. To monitor the unfolding transition of OpdB and its site-mutated variants as a function of guanidine hydrochloride (GuHCl) concentration, aliquots of GuHCl (50 to 1,000 l) were added from an 8 M stock to the sample (final concentration, 25 g · ml Ϫ1 in 50 mM Tris-HCl, pH 8; final volume, 2 ml). Samples were equilibrated at 25°C before the emission spectrum was recorded.
Nucleotide sequence accession number. The nucleotide sequence of S. enterica serovar Typhimurium opdB is available under GenBank/EBI database accession number AF237705.
RESULTS
Analysis and expression of the Salmonella opdB gene. The opdB gene isolated from S. enterica serovar Typhimurium strain SL1344 contained an open reading frame of 2,052 bp, encoding a polypeptide of 684 amino acids with a predicted molecular mass of 78.969 kDa. The polypeptide contained a POP family consensus sequence (GXSXGGZZ, where X ϭ any residue and Z ϭ a hydrophobic residue [3] ) at residues 530 to 537, which harbors the active-site serine residue. The opdB gene from this highly virulent Salmonella strain (SL1344) contained a single thymine3cytosine base pair change (at nucleotide 182) when compared with the opdB gene found in the genome sequence of nonvirulent S. enterica serovar Typhimurium strain LT2 (22) , resulting in a Thr 61 3Ile 61 replacement. The Salmonella opdB gene exhibited 75% identity with its E. coli homologue (17) , and their encoded proteins share 89% identity. Salmonella OpdB retained a high degree of identity to OpdB from several other members of the gamma subdivision of the Proteobacteria (Fig. 1) , including Yersinia pestis (63%) and Schewanella putrefaciens (44%). Interestingly, Salmonella OpdB exhibited higher identity to the deduced amino acid sequence of several eukaryotic opdB homologues, including those from the eukaryotes T. brucei (33%) and L. major (30) . Removal of the N-terminal polyhistidine affinity tag did not alter the kinetic profile ( Table 1) , illustrating that the tag did not interfere with catalysis. This is consistent with our previous report that a polyhistidine affinitytagged recombinant OpdB from T. brucei behaved identically to the native enzyme isolated directly from trypanosomes (25) . OpdB only hydrolyzed peptide substrates with basic amino acid residues (arginine or lysine) in the P 1 position (using the nomenclature of Schechter and Berger [35] ; Table 1 ), although no activity was observed against the aminopeptidase substrates H-Arg-AMC and H-Lys-AMC. Hydrolytic activity was observed when the N terminus of H-Arg-AMC was blocked with a Cbz group (i.e., Cbz-Arg-AMC; k cat /K m ϭ 2 s Ϫ1 M Ϫ1 ). Further lengthening of the peptide (Cbz-Arg-Arg-AMC; k cat /K m ϭ 36 s Ϫ1 M Ϫ1 ) considerably (18-fold) improved activity, suggesting that substrate hydrolysis is more efficient when multiple substrate-binding sites are occupied. Arginine appeared to be the preferred P 1 residue, since replacement of Arg in Cbz-Arg-AMC with Lys was accompanied by a 50% reduction in k cat /K m ( Table 1) . Many different residues could be accommodated in P 2 , including aromatic (Phe), hydrophobic (Val), hydrophilic (Thr), small uncharged (Gly) residues and proline. However, basic residues (Arg and Lys) were also favored in P 2 . Both arginine and lysine appeared equally acceptable in P 2 (since replacement of the P 2 -Arg with Lys in Boc-Leu-Arg-Arg-AMC and Boc-Gly-Arg-Arg-AMC (the replacement site is shown in boldface) did not appreciably [9%] alter the K m ).
In contrast to its eukaryotic homologues, Salmonella OpdB did not demonstrate reductive activation, since preincubation with L-cysteine, ␤-mercaptoethanol, dithiothreitol, and reduced glutathione had no affect on activity against Cbz-ArgArg-AMC (not shown). Similarly, OpdB activity was not influenced by thiol-alkylating agents, including iodoacetamide, iodoacetate and N-ethylmaleimide (not shown), although these compounds are potent inhibitors of eukaryotic OpdB. Salmonella OpdB was rapidly inactivated by irreversible serine peptidase inhibitors, 4-(2-aminoethyl)benzenesulfonyl fluoride, 2,3-dichloroisocoumarin, and phenylmethane sulfonylfluoride at rates comparable to those for eukaryotic OpdB (25) . Salmonella OpdB was potently inhibited by the tripeptide aldehydes antipain and leupeptin (Table 2 ) although the arginine analogues benzamidine and para-aminobenzamidine were comparatively poor inhibitors (Table 2) , supporting our earlier suggestion that substrate (or inhibitor) binding is more effective when multiple substrate-binding sites are occupied.
Histone hydrolysis by recombinant Salmonella OpdB. Several histone degradation products were observed upon coincubation with recombinant polyhistidine affinity-tagged OpdB at an enzyme/substrate ratio of 1:10 for 4 h (Fig. 2A) . Identical data were obtained using recombinant OpdB from which the polyhistidine affinity tag had been removed (data not shown). Proteolysis was limited, since identical digestion patterns were observed with three different enzyme/substrate ratios (including 1:100, 1:10, 1:1), and in the case of H2A and H4, a enzyme/ substrate ratio of 10:1 was also attempted (data not shown). Upon 4 h of coincubation with OpdB, histones H2A and H4 each yielded two major degradation products (enzyme/substrate ratio, 1:10) (Fig. 2A) . These degradation products appear to be generated simultaneously, since they appear at similar relative intensities at 1, 4, and 12 h and are not evident at a No activity was observed against H-Arg-AMC, H-Leu-AMC, H-Lys-AMC, Cbz-Leu-Leu-Glu-␤NA, Cbz-Gly-Gly-Leu-pNA, Cbz-Ala-Ala-Phe-AMC, SucIle-Ala-AMC, Suc-Gly-Pro-AMC, Ac-Tyr-Val-Ala-Asp-pNA, and Suc-Ala-AlaPro-Phe-AMC. 20 min (not shown). Thus, cleavage at the N-terminal proximal site and the N-terminal distal site probably takes place independently, not sequentially. Several cleavage points were identified in H2A and H4 by N-terminal analysis of the degradation products. Hydrolysis was always observed C terminal to an Arg residue and occurred only after residues that were not posttranslationally modified, or locked into defined secondary structures such as ␣-helices (Fig. 2B) (24), we are confident that it was OpdB, and not residual contaminating E. coli peptidases, that is responsible for the observed hydrolysis of histone proteins.
Alignment of catalytic domains in POP and OpdB. Amino acid sequence alignment of the C-terminal catalytic domain of five OpdB and three POP sequences (Fig. 3) revealed several stretches of sequence or individual residues that were conserved within respective branches of the phylogenetic tree ( Fig.  1 ) but were consistently different between the two branches. We proposed that residues contained within these differentially conserved stretches of sequence were likely to be responsible for substrate specificity. In particular, aspartic or glutamic acid residues conserved in the OpdB group of enzymes were of interest, since they would facilitate electrostatic interaction with the basic amino acid side chains of arginine and lysine residues in substrates. Fluorescence emission spectra of recombinant S. enterica serovar Typhimurium OpdB. Emission spectra for all the native forms of all OpdB variants peaked at 336 nm ( max ) and showed a bathochromic (red) shift in max to 366 nm in the presence of 4 M GuHCl. Fluorescence emission spectra of native and GuHCl-denatured wild-type OpdB and the D460T-D462N and E576A-E578A site-mutated OpdB variants are illustrated in Fig. 4A . All mutants also exhibited identical unfolding transitions in the presence of increasing GuHCl concentrations (Fig. 4B) . In the interests of clarity, only spectra for the wild-type, D460T-D462N, and E576A-E578A site-mutated OpdB variants are illustrated. The remaining nine site-mutated OpdB variants exhibited superimposable native and GuHCldenatured emission spectra. These data strongly suggest that on October 14, 2017 by guest http://jb.asm.org/ differences in the observed kinetic properties of the wild-type and active-site mutated variants of OpdB are not due to the disruption of the structural integrity of the enzyme (although it remains possible that very subtle structural changes were not detected in the emission spectra). Effect of point mutations on P 1 substrate specificity. The substrate Cbz-Arg-AMC was employed to monitor changes in P 1 substrate specificity of site-mutated OpdB variants. Only two mutations, those in Glu 576 and Glu 578 , resulted in significant changes in the hydrolysis of Cbz-Arg-AMC by OpdB (Table 3) . Replacement of Glu 576 with alanine (E576A) caused a 7.6-fold elevation in the K m and a 4.5-fold reduction in the k cat , in comparison to the wild-type enzyme (Table 3) . Similarly, although less dramatic, replacement of Glu 578 with alanine (E578A) resulted in a 3.7-fold elevation in K m and a 2.3-fold reduction in k cat . Simultaneous replacement of both Glu 576 and Glu 578 with tryptophan and threonine, respectively, (E576W:E578T), or with alanines (E576A:E578A) or arginines (E576R:E578R), abolished OpdB activity against CbzArg-AMC (Table 3) .
Effect of point mutations on P 2 substrate specificity. The substrates Cbz-Arg-Arg-AMC and Cbz-Phe-Arg-AMC were employed to monitor changes in P 2 substrate specificity of site-mutated OpdB variants. Only two mutations, those in Asp 460 and Asp 462 , altered the hydrolytic activity of OpdB against Cbz-Arg-Arg-AMC (Table 4) apart from Glu 576 and Glu 578 . Mutation of Asp 460 to threonine (D460T) caused a 2.6-fold elevation in K m for Cbz-Arg-Arg-AMC hydrolysis and a 24% reduction in k cat . Similarly, replacement of Asp 462 with Asn (D462N) caused a threefold elevation in K m and a 21% reduction in k cat for Cbz-Arg-Arg-AMC hydrolysis. Simultaneous replacement of Asp 460 and Asp 462 with threonine and asparagine, respectively (D460T-D462N) had a more pronounced affect than the single mutations, yielding an OpdB variant with a 3.6-fold increase in K m and a 38% reduction in k cat for Cbz-Arg-Arg-AMC hydrolysis when compared with the wild-type enzyme. The affects of these mutations on Cbz-PheArg-AMC hydrolysis by OpdB, where phenylalanine is the P 2 residue, were less severe (Table 4) , with the D460T-D462N OpdB variant exhibiting only a 28% increase in K m and a 19% reduction in k cat for Cbz-Phe-Arg-AMC.
DISCUSSION
Salmonella OpdB amidolytic activity was restricted to substrates with basic residues in the P 1 position, while basic, aromatic and hydrophobic residues were accommodated in P 2 . While this substrate specificity of was comparable to that of eukaryotic OpdBs, the catalytic power of the enzyme (k cat ) was up to fivefold less than that observed for T. brucei OpdB (25) .
Salmonella OpdB neither demonstrated reductive activation nor was inhibited by thiol-alkylating agents, in contrast to its FIG. 3 . Multiple sequence alignment of the amino acid sequences of the catalytic domains of OpdB from representatives of the OpdB and POP branches of the prolyl endopeptidase family of serine peptidases. Sources of sequences are given in the legend to Fig. 1 . The active-site serine, histidine, and aspartic acid residues that constitute the catalytic triad are indicated by asterisks. Residues that were mutated in this study are grouped in boxes.
eukaryotic relatives (both POP and OpdB) which demonstrate sensitivity to reducing agents, enhancing activity (23, 25) , and are potently inhibited by thiol-alkylating agents (7, 25) . In porcine POP, this phenomenon is attributed to the reduction or alkylation of a cysteine residue, Cys 255 , which is brought into close proximity to the S 1 and S 3 substrate-binding sites by the folding of the enzyme (7). There is no comparable cysteine residue in the Salmonella OpdB sequence we report here, perhaps explaining this observation. Interestingly, a post-proline-cleaving member of the POP family from the prokaryote Flavobacterium also does not demonstrate sensitivity to reducing and thiol-alkylating agents either (40) . Thus, insensitivity to these agents appears to be a property of members of both branches of the prokaryotic POP family.
Histone proteins were employed as prospective OpdB substrates because they are highly basic proteins (pI Ͼ 11) (19) and contain a high proportion of basic residues, thus presenting many potential OpdB cleavage sites. Salmonella OpdB degraded human histones H1, H2A, H3, and H4. Cleavage sites in H2A and H4 were located in the N-terminal tail, which projects out from the globular structure of the histone core (19) . These tails may thus gain access to the OpdB active site, which by analogy with POP ordinarily excludes proteins with globular tertiary structures via the regulatory ␤-propeller domain (7). Cleavage was not observed after pairs of basic residues in H2A and H4, possibly because basic amino acid pairs in H2A and H4 are either chemically modified by acetylation or methylation [e.g., Arg 21 Lys(Me) 22 a No activity was observed against H-Arg-AMC, H-Leu-AMC, H-Lys-AMC, Cbz-Leu-Leu-Glu-␤NA, Cbz-Ala-Ala-Phe-AMC, Cbz-Gly-Gly-Leu-pNA, SucIle-Ala-AMC, Suc-Gly-Pro-AMC, Ac-Tyr-Val-Ala-Asp-pNA, and Suc-Ala-AlaPro-Phe-AMC. ND, no detectable activity. The standard errors of the K m and k cat values were within 10% of their respective means. 
Mutant
Amino acid substitution and kinetics a No activity was observed against H-Arg-AMC, H-Leu-AMC, H-Lys-AMC, Cbz-Leu-Leu-Glu-␤NA, Cbz-Ala-Ala-Phe-AMC, Suc-Ile-Ala-AMC, Suc-GlyPro-AMC, Ac-Tyr-Val-Ala-Asp-pNA, and Suc-Ala-Ala-Pro-Phe-AMC. (Fig. 2B ) (19) . Together, these data suggest that the substrate specificity of OpdB is not as restricted as originally theorized and that proteins, in addition to oligopeptides, are modified by OpdB. However, sites for OpdB hydrolysis in proteins are likely to be confined regions that are not organized into defined, rigid, secondary structures or posttranslationally modified at the P 1 or P 2 residues. These data add to a growing body of evidence that these oligopeptidases hydrolyze protein substrates, albeit in a restricted fashion (for example, the degradation of p40-phox by POP [12] ), and lend support to the theory that OpdB is a specialized protein processing enzyme in prokaryotes and lower eukaryotes (30, 32) . This theory is also supported by a report of the limited hydrolysis of aspartokinase I-homoserine dehydrogenase by E. coli OpdB (28) .
To further explore substrate recognition properties of OpdB at a molecular level, we attempted to identify residues that may be determinants of substrate specificity. The POP family of serine peptidases splits into two branches, in terms of substrate specificity (Fig. 1) . The archetypical member of this family (POP) hydrolyzes peptide bonds exclusively on the C-terminal side of proline residues in oligopeptides. In contrast, the OpdB branch hydrolyzes peptide bonds exclusively on the C-terminal side of basic residues. An alignment of the catalytic domains of both branches of the POP family (Fig. 3) revealed stretches of sequence that were conserved within respective branches of the phylogenetic tree ( Fig. 1 ) but were consistently different between the two branches. We reasoned that residues contained in these differentially conserved regions were likely to be responsible for substrate specificity, since with the exception of substrate specificity, the physicochemical properties POP and OpdB are similar. Given the specificity of OpdB for cleavage after basic residues, we reasoned that differentially conserved acidic residues were likely determinants of specificity, since they may electrostatically interact with the basic side chains of arginine and lysine residues in substrates. In the present study, we examined the role of nine differentially conserved acidic residues located in the catalytic domain of Sal- 576 and Glu 578 direct OpdB substrate specificity by electrostatic interaction with the charged side chains of P 1 arginine and lysine residues in substrates. This idea is reinforced by the observations that high ionic strength inhibits the hydrolysis of basic substrates by E. coli OpdB by elevating the K m (15, 30) , which is most likely attributable to the disruption of electrostatic interactions between substrate arginyl residues and carboxyl groups of the enzyme. Given the close proximity of Glu 576 and Glu 578 to one another (they are separated by a single tryptophan residue in the primary sequence (Fig. 3) , we speculate that the side chains of Glu 576 and Glu 578 form a carboxyl dyad that electrostatically binds the basic side chains of arginine and lysine residues in substrates. In support of this idea, Glu 576 of Salmonella OpdB corresponds to Trp 595 of porcine POP, which forms the base of the S 1 specificity pocket of POP and directs P 1 specificity of POP for proline residues, by ring stacking between the tryptophan indole ring and the proline residue (7) .
We attempted to change the P 1 specificity of OpdB by mutating Glu 576 and Glu 578 to hydrophobic residues (a E576A-E578A double mutant, thus creating a hydrophobic S 1 pocket) or to basic residues (a E575R-E578R double mutant, thus creating a basic charge environment in the S 1 pocket that could accommodate acidic P 1 side chains). However, both double mutants, which were devoid of activity against the OpdB substrate Cbz-Arg-AMC, also lacked activity against substrates with P 1 hydrophobic residues (bold) (Cbz-Ala-Ala-Phe-AMC, Suc-Ile-Ala-AMC and Cbz-Gly-Gly-Leu-pNA) and P 1 acidic residues (bold) (Cbz-Leu-Leu-Glu-␤NA and Ac-Tyr-Val-AlaAsp-pNA). Attempts to convert OpdB specificity to POP specificity by replacing both Glu 576 and Glu 578 with their corresponding residues in POP (Glu 576 3Trp and Glu 578 3Thr) (Fig. 3) yielded an OpdB double mutant (E576W-E578T) that did not exhibit any activity against the OpdB substrate CbzArg-AMC or the POP substrate Suc-Gly-Pro-AMC. Thus, either these variants were misfolded and catalytically incompetent or other residues were involved in directing P 1 specificity. The former possibility seems unlikely, since site-mutated OpdB variants exhibited fluorescence emission spectra identical to that of the wild-type enzyme. More likely, additional residues act in concert with Glu 576 and Glu 578 to define P 1 specificity. Along these lines, differentially conserved sequences ( (Fig. 3 ) that lack acidic residues are observed in close proximity to Glu 576 and Glu 578 in all OpdB homologues. Mutations in a second pair of residues, Asp 460 and Asp 462 , altered the hydrolytic activity of OpdB against Cbz-Arg-Arg-AMC but had considerably less affect when a hydrophobic residue was in P 2 (phenylalanine, in the case of Cbz-Phe-Arg-AMC). Since these mutations did not affect the hydrolysis of Cbz-Arg-AMC by OpdB, Asp 460 and Asp 462 are not involved in the S 1 -P 1 interaction but rather appear to be involved in the recognition of the basic, charged side chain of the P 2 Arg in Cbz-Arg-Arg-AMC and thus are involved in directing the specificity of OpdB for cleavage after pairs of basic amino acid residues.
Our kinetic data are nicely supported by the recently published three-dimensional model of OpdB built by Gérczei and coworkers (10) . These investigators prepared an homology model of E. coli OpdB based on the crystal structure of the closely related porcine prolyl oligopeptidase (7) and docked two substrates, Cbz-Arg-OH and Cbz-Arg-Arg-OH into the OpdB active-site using the Monte Carlo docking method. In this model, the P 2 Arg of Cbz-Arg-Arg-OH was bound to the carboxyl groups of Asp 460 and Asp 462 , implicating both Asp 460 and Asp 462 in directing P 2 specificity, which we have demonstrated experimentally in this study using site-directed mutagenesis. We thus propose in this study the existence of two carboxyl dyads: one formed by the side chains of Asp 460 and Asp 462 , which together direct the OpdB P 2 substrate specificity, and another formed by the side chains of Glu 576 and Glu 578 , which together direct P 1 substrate specificity.
